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Abstract   
Synthesis of Bi2+xGaxPd4-3xOį (S1-S4:x=0.15, 0.30, 0.45, 0.60) composite oxides were performed by sol-gel method. Powder 
XRD results show tetragonal unit cell with lattice parameters: A = 8.6354, 8.6420, 8.6241 and 8.6272 Å; C = 5.8786, 5.9099,
5.9122 and 5.9161 Å in S1-S4, respectively, space group I4/mcm and Z = 1.  Unit cell structures were developed on space group 
I4/mcm with Wycoff sites: Bi3+(Ga3+) in 4(c), Pd2+(Ga3+) in 4(b), and O2- in 8(c). On Rietveld refinement the agreement factors 
were lowered to: Rp = 94.88, 93.78, 95.55, 93.43%; Rwp = 95.81, 95.88, 96.63, 94.45% and Rexp = 0.22, 0.91, 0.20, 0.26% in S1-
S4, respectively. Calculated electronic energy band gaps by CASTEP programme package ~ 0.02 eV show semiconductor-like 
nature of S1-S4. Observed EPR lineshapes at 300 K show two giso-values: g1= 2.024, 2.018, 2.010, 2.033; g2= 4.260, 4.201, 4.184, 
4.186 at 300 K and two g-values: g3 = 2.148, 2.148, 2.041, 2.051; g4 = 4.423, 4.186, 4.209, 4.204 at 77 K in S1-S4, respectively. 
giso-values ~2.0 is attributed to Pd
+ and Pd2+(4d8) sites. Presence of hysteresis loops at 300 K show ferromagnetic nature of the 
samples. Optical absorption ~400 - 500 nm is assigned to d–d transitions in Pd2+ ions.
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1. Introduction
Transition metal oxides, in particular, the study of magnetism in clusters of palladium and in general 4d elements 
has attracted special attention as these elements are nonmagnetic in bulk [1]. Experiments carried out by Taniyama et 
al. [2] have evidenced the appearance of magnetic moment in Pd clusters.  Due to the strong surface energy 
anisotropy, these clusters of Pd exhibit a noncrystallographic icosahedral structure instead of the typical bulk fcc 
symmetry, which has been identified as the origin of this ferromagnetism [3].  The d-shells of the 4d transition metal 
(TM) ions in TM oxides are more extended than their 3d counterparts. This extended nature of 4d electrons 
considerably enhances the electron-lattice interaction, which may be a source of structure related phase transitions. 
These more extended 4d orbitals also tend to have a greater overlap with each other leading to the decrease of the 
intra-ionic coulomb interaction, relative to the 3d orbitals.  Since the 4d and 5d orbitals are more diffuse than the 3d 
orbitals, as an example in NiO, one could expect that the electron interactions will be comparatively weak.  
Incorporation of dopants also can enhance the properties of these oxides significantly. Historically, Al has been the 
most common dopant, with others including B, Ga, In, Ge, Si and F. Ga, in particular, has several potential advantages 
over Al, as Ga is less reactive than Al.  In this report, we discuss the results of our studies on Bi2+xGaxPd4-3xOį
2. Experimentals
(S1-
S4: x=0.15, 0.30, 0.45, 0.60) oxides by using a varieties of experimental techniques and density functional theory 
(DFT) calculations on the electronic structures of the above system. 
2.1. Sample preparation
      Synthesis of Bi2+xGaxPd4-3xOį (x=0.15, 0.30, 0.45, 0.60) composite oxides were performed by sol-gel method 
via nitrate-citrate precursor route. Calculated amounts of bismuth nitrate, Bi(NO3)3·5H2O, palladium nitrate, 
Pd(NO3)2, and gallium nitrate, Ga(NO3)3 were dissolved in acidified (HNO3
2.2. Experimental Techniques
) water to prepare 0.1 molar solution of 
pH ~ 2 each. The solutions were mixed together and stirred for 1 h at ~ 50 °C, then ~30 ml 1.5 M solution of citric 
acid was added and stirred continuously at ~ 50 °C for ~ 90 h which then formed a waxy gel. The resulting gel was
decomposed at ~ 120 °C, which was then sintered in air successively at 450 ºC for 2 h for complete combustion of 
organic materials, and at 750 °C for 4 h and quenched in air to obtain fine dark brown powder.       
Powder XRD patterns of the samples were recorded on an X’pert powder X-ray diffractometer (PAN 
ANALYTICAL make) with scan rate 2°/ minute in range 5° - 80° in 2T.  Monochromatic Cu KĮ UDGLDWLRQȜa06
Å) was used as the x-ray source with power 40 kV/30 mA. Microstructures of the samples were examined by a
Scanning Electron Microscope (model SEM JSM-5410) and the distribution of the elements throughout the grains.
X–band electron paramagnetic resonance (EPR) spectral measurements at 300 and 77 K were done with a JEOL JES–
TE 100 ESR spectrometer system with 100 kHz field modulation and a phase sensitive detector. Magnetic 
measurements were registered on a vibrating sample magnetometer (VSM 7404 series of LAKESHORE make) with 
vibrating frequency 8.3 Hz and magnetic field range -20 kG to 20 kG. Optical absorption spectra were recorded on a 
CARRY 5000 (VARIAN) instrument in the range 200-800 nm. The densities of the samples were determined by 
liquid displacement method using carbon tetrachloride as an immersion liquid (density 1.596 g/cc at 300 K). 
2.3. Energy Band Structure and Density of States (DOS) Calculations 
The calculations of electronic energy band structures and density of states (DOS) were done using a plane-wave 
density functional theory (DFT) with local gradient-corrected exchange-correlation functional [4] and performed with 
a commercial version of the CASTEP (Cambridge Serial Total Energy Package) programme package, [5-7] using 
Materials Studio (MS) software which uses a plane-wave basis set for the valence electrons and norm-conserving 
pseudopotential [8] for the core states.
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3. Results and Discussion
3.1. Powder X-ray Diffraction Studies
Powder XRD pattern of the samples S1-S4 are sown are shown in Fig. 1. The XRD data were analyzed by the 
FullProf Suite (version 3.90) software package [9] to determine the unit cell parameters and indexing. All the oxides 
crystallized in tetragonal phase with lattice parameters: A = 8.6157, 8.6267, 8.6228 and 8.6256 Å; C = 5.9183, 5.9274, 
5.9104 and 5.9148 Å in S1-S4, respectively and space group I4/mcm. By comparing the observed densities of the 
samples with the corresponding calculated ones the value of the number of formula units in unit cell, Z, is determined 
to be 1. The ratios of the lattice parameters C/A are 0.6869, 0.6871, 0.6854 and 0.6857 for S1-S4, respectively.  From 
the C/A ratios, it is observed that there is no change in the tetragonality of the samples.  From the result we infer that 
progressive substitution of Bi and Pd by Ga, the tetragonal structure is maintained upto x=0.60. The lattice parameters 
and the related data are shown in Table 1. The average crystallite sizes determined by Scherrer relation [10] are found 
to be ~ 27-32 nm indicating the formation of nanoparticles in the oxides. 
Fig. 1 Powder XRD patterns with indexed lattice planes of Bi2+xGaxPd4-3xO į (S1-S4: x=0.15, 0.30, 0.45 & 0.60)
Table 1. 8QLWFHOOSDUDPHWHUVFDOFXODWHGȡcalDQGREVHUYHGGHQVLWLHVȡobs and average crystallite sizes in Bi2+xGaxPd4-3xOį
Unit cell parameters/Sample
(S1-S4: x=0.15, 0.30, 0.45, 0.60) oxides 
S1 S2 S3      S4
Unit cell Tetragonal Tetragonal Tetragonal Tetragonal
Aa (Å) 
Ca
8.6354
5.8786(Å)
8.6420
5.9099
8.6241
5.9122
8.6272
5.9161
Unit cell volumea (Å3 439.32) 441.12 439.45 440.06
Space group I4/mcm I4/mcm I4/mcm I4/mcm
Z 1 1 1 1
ȡcal 3.557(g/cc)                         3.472 3.422 3.354
ȡobs 3.365(g/cc) 3.423 3.425 2.892
Average crystallite size (nm) 27 30 32 31
    a After refinement
3.2. SEM Studies
    SEM micrographs of S1-S4 are shown in Fig.2. The micrographs show as the concentrations of Ga increases the 
shapes of the particles changes from globular in S1 (x=0.15) to nanorod-like in S4 (x=0.60) within the same tetragonal 
phase. Investigations of various regions of the samples also show similar results with respect to the particle sizes and 
shapes.
56   Bidhu Bhusan Das and Murugesan Yogapriya /  Procedia Engineering  76 ( 2014 )  53 – 60 
Fig.2 SEM micrographs of Bi2+xGaxPd4-3xOį (S1-S4: x=0.15, 0.30, 0.45, 0.60) at different magnifications.
3.3 Crystal Structure Refinement and Fourier Electron Density Mapping
Unit cell structures of S1-S4 were developed on space group I4/mcm with Wycoff sites: Bi3+(Ga3+) in 4(c), 
Pd2+(Ga3+) in 4(b) and O2- in 8(c). On Rietveld refinement [11], the agreement factors were lowered to: Rp = 94.88, 
93.78, 95.55, 93.43 %; Rwp = 95.81, 95.88, 96.63, 94.45 % and Rexp = 0.22, 0.21, 0.20, 0.26 % in S1-S4, respectively. 
3-dimensional  and 2-dimensional views of representative unit cells of samples S1(x=0.15) and S4 (x=0.60) are shown 
in Fig. 3, and  the generated positions of the atoms in the asymmetric units of representative unit cells of S1 and S4 are 
shown in Table 2. The calculated bond lengths, bond angles show only marginal variations. The Pd-O bond lengths 
are: 3.0531, 3.0554, 3.0491, 3.0502 Å, and the Bi-O bonds are: 3.3884, 3.3939, 3.3885, 3.3899 Å in S1-S4, 
respectively. The Pd-O-Bi bond angles in asymetric unit of S1-S4 are 90.00o. The circular nature of the 2-dimensional 
electron density contours around Pd2+ and Bi3+ ions on (001) planes of S1- S4 indicate significant ionic nature of Bi-O
and Pd-O bonds in the lattice. 
Fig. 3 (a) 3-dimensional view, (c) 2-dimensional view on (001) plane of S1 (x=0.15), and  (b) 3-dimensional view, (d)  2-dimensional view on (001) 
plane S4 (x=0.60) of  Bi2+xGaxPd4-3xOį oxides.
57 Bidhu Bhusan Das and Murugesan Yogapriya /  Procedia Engineering  76 ( 2014 )  53 – 60 
Table 2 Generated positions of atoms in the asymmetric unit of S1 (x=0.15) and S4 (x=0.60) of Bi2+xGaxPd4-3xO į
Sl.
No      Name
oxides.
Crystal coordinates Cartesean coordinates before refinement Cartesean coordinates after  refinement
x                      y                    z       X                  Y Z X Y Z
S1 
1 Pd 0.0000 0.5000  0.2500 -4.3079  0.0000 -1.4796 -4.3177 0.0000  -1.4697
2 Bi 0.0000 0.0000 0.0000 -4.3080 -4.3079  -2.9591 -4.3178 -4.3177  -2.9393
3 O 0.2500 0.2500 0.2500 -2.1540 -2.1540 -1.4796 -2.1589  -2.1589  -1.4697
S4
1 Pd 0.0000 0.5000 0.2500  -4.3124 0.0000 -1.4787 -4.3136 0.0000 -1.4790
2 Bi 0.0000 0.0000 0.0000 -4.3125 -4.3124 -2.9575 -4.3137 -4.3136 -2.9581
3 O 0.2500  0.2500  0.2500  -2.1562 -2.1562 -1.4787 -2.1568 -2.1568 -1.4790
3.4. Electronic Energy Band Structure and Density of States (DOS) Studies
Figs. 4(a)-(b) and Figs. 4(c)-(d) show the energy band structures and DOS of S1 and S4, respectively. The Fermi 
level, EF, is pinned at 0 eV. A smearing of 0.5 eV was used to generate the DOS plots. Band gap, Eg, is ~ 0.02 eV in 
S1-S4.  Band in the range -4.0 to 1.0 eV is the valence band (VB) and is mainly due to O2p, Pd 4d, Bi 6p and Ga-4p 
orbitals. The p states extend over the higher part of the VB, where they mix with the Pd 4d states which are broadened 
over ~ 6 eV. This is due to Pd belonging to the second TM series and to the mixing with the Bi and Ga p states as 
detailed in the narrow energy PDOS shown in Fig. 4(e). The large dispersed band is centered well below the EF.
Then, EF is crossed by low intensity itinerant s, p states arising from all constituent atoms. In a band structure 
description, these will be signaled by a large dispersion band, i.e. contrary to flat localized bands characterizing d (and 
f) subshells.  The band gap opening in S1-S4 is a consequence of the octahedral crystal field with tetragonal distortion 
splitting of the Pd 4d orbitals [12]. The generalized gradient approximation (GGA) calculations performed in the 
present work were also unable to reproduce the gap. Band gap underestimation in semiconductors is a well known 
limitation. As compared with the calculated Eg ~ 0.02 eV the experimental band gap energies are : Eg = 1.38, 1.43, 
1.40, 1.52 in S1-S4, respectively as discussed in Section 3.7. A large DOS is present at EF for the Pd atom if the spin 
parity constraint is imposed, which might induce weak localized ferromagnetic behavior [13].  The band ~ -3 to 1 eV 
is attributed to Pd 4d and 4s states. The bands between ~ -7 to 12 eV are due to Bi 5s, 5p and Ga 3s orbitals. The 
bands lying between -17 and -15 eV are almost contributions from O 2p states. The DOS is higher for O 2p states (the 
largest DOS of 25 electrons/eV) than Bi 6p states (the largest DOS of 8 electrons/eV).  It means that some of the 
electrons from Bi 6p transform into the valence bands comprising mainly O 2p orbitals and take part in partial
covalence interactions between Bi and O atoms.
Fig. 4 Partial density of states of Bi, O, Ga, Pd in S4
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3.5. Electron Paramagnetic Resonance (EPR) Spectroscopic Studies 
Fig. 5(a)-(b) shows the EPR lineshapes of S1-S4 recorded at 300 K and 77 K, respectively. EPR lineshapes show 
two giso- values each: g1= 4.260, 4.201, 4.184, 4.186; g2= 2.024, 2.018, 2.010, 2.033 at 300 K and g3 = 4.423, 4.186, 
4.209, 4.204; g4 = 2.148, 2.148, 2.041, 2.051 at 77 K. At 77 K, the g4 signal is better observable which shows 
hyperfine splitting due to l05Pd (I=5/2; relative abundance 22.6%)[14] at both Pd+(4d9) and Pd2+(4d8) sites in S1-S4.
This signal with poor hyperfine feature or as isotropic signal at g2 at 300 K is also observed. The giso-values ~ 4.184 -
4.423 are normally due to the presence of Fe3+ ions as magnetic impurity as encountered in TM ion matrices or could 
be the artefact from the EPR cavity. 
Fig. 5 Observed EPR lineshapes at (a) 300 K, (b) 77 K of S1-S4 and (c) expanded lineshapes at 77 K of S1 and S2.
Table 3. Observed giso -values in S1-S4 of Bi2+xGaxPd4-3xOį
Sl. No. 
(0.15 [R[LGHV
giso g– values at 300 K
____________________
g1                         g2
iso – values at 77 K
______________________
g3                            g4
S1 4.260                   2.024 4.423                    2.148
S2 4.201                   2.018 4.186                     2.148
S3
S4
4.184                  2.010
4.186                   2.033
4.209                    2.041
4.204                    2.051
3.6. Magnetic Studies
    The magnetic moment versus magnetic field plots of S1-S4 show hysteresis loop in the range -20 kG to +20 kG 
(Fig. 6) at 300 K. The values of the coercivity, retentivity, magnetic susceptibility of the samples are shown in Table 
4. The fairly low values of the coercivity, retentivity and magnetic susceptibility ~ 1.190-8.533 ȝemu/gG show fairly 
weak ferromagnetic [15] nature of the samples. The powder XRD patterns refinement of S1-S4 shows that the 
variations in a, c and a/c ratios are < 0.3 % with no cahnge in local symmetry; the average crystallite sizes are also in
the range 27-32 nm. This shows that the relative concentrations of the magnetic Pd2+ and or Pd1+ ions distributed in 
4(b) Wycoff sites could be the source of weak ferromagnetism in S1-S4. The Table 4 also shows that the variations in 
magnetic in S1(x=0.15)- S4(x=0.60) do not show any regularity with the increasing values of x with progressive 
substitution of diamagnetic Bi3+ and  magnetic Pd2+ by diamagnetic Ga3+ ions in the crystal lattice.
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Fig. 6 Magnetic moments versus magnetic field plots of S1-S4 at 300 K
Table 4.  Observed magnetization (Ms), coercivity (Hci), retentivity (Mr), magnetic 
                                                                susceptibility  of samples S1-S4 of Bi2+xGaxPd4-3xOį
Sample
(0.15 [R[LGHV
Ms (memu/g)     Hci (G)        Mr (memu/gȤ (ȝemu/gG)
S1 4.619              2057.40       2.597               5.745
S2 1.340                561.17      0.291             1.191
S3
S4
2.717              1714.10
6.341             458.31
      0.183              1.039
1.740                1.740
3.7 Optical Absorption Studies
    Optical absorption spectra of S1-S4 are shown in Fig 7(a). The absorption band ~ 400-500 nm is assigned to 
Pd2+(4d8) ions d–d transitions [18].  In addition, the brownish color of the nanoparticles is believed to be due to the 
presence of Pd2+(4d8) species bound to the oxygen of the support [19]. Direct band gap energy, Eg, values are obtained 
E\SORWWLQJĮKȞ2 YHUVXVSKRWRQHQHUJ\KȞwhere Į is the absorption coefficient and extrapolating the linear part upto 
the energy axis shown in Fig 7(b). The observed values are: Eg = 1.38, 1.43, 1.40, 1.52 for S1-S4, respectively. The 
significant difference between the observed values and the calculated values obtained from DFT calculations is due to 
the shortcoming of the DFT calculations in such systems.  Comparison of band gap energies obtained by optical 
absorption studies with band gap energies obtained by DFT calculations is done and the underestimation can be 
justified.
Fig. 7 (a) Observed optical absorption spectra, (b) band gap energies of S1-S4 REWDLQHGE\SORWWLQJĮKȞ2
    Powder XRD results show tetragonal phase with lattice parameters: A = 8.6354, 8.6420, 8.6241 and 8.6272 Å; C = 
5.8786, 5.9099, 5.9122 and 5.9161 Å, space group I4/mcm and Z = 1. DTA/DSC/TG traces show an endothermic peak 
at ~ 600 ϶C which corresponds to the reduction of Pd
versus photon energy, hȞ.
4.  Conclusion
2+ to Pd+ ions in the samples. SEM micrographs show particle 
shape change from globular in S1(x=0.15) to nanorod-like in S4 (x=0.60). The calculated bond lengths, bond angles 
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show only marginal variations in the samples. The energy band gap, Eg, in the samples are found to be ~ 0.02 eV in 
S1-S4.  Observed EPR lineshapes show two giso-values each at 300 K and at 77 K in S1-S4.  The giso-values ~2.010-
2.033 at 300 K, and giso-values ~ 2.041-2.148 at 77 K are due to Pd
+(4d9) and Pd2+(4d8) (105Pd, I=5/2, abundance ~ 
22.2%).  While the giso-values ~ 4.0 at 300 K and at 77 K is attributed to the presence of magnetic impurity ions in the 
samples. Presence of hysteresis loops with very low values of the coercivity, retentivity and magnetic susceptibility ~
1.190-8.533 ȝemu/gG show fairly weak ferromagnetic nature of the samples at 300 K. Optical absorption band 
between 400-500 nm is due to the d–d transitions in Pd2+(4d8) ions. Observed Eg
[11] McCusker, L.B., Dreele, R.B.V., Cox, D.E., Louër, D., Scardi, P., 1999. Rietveld refinement guidelines, Journal of Applied Crystallography
values: 1.38, 1.43, 1.40, 1.52 of S1-
S4, respectively show semiconducting nature of the materials.
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